Background: Greater adiposity is associated with higher blood pressure. Substantial uncertainty remains, however, about which measures of adiposity most strongly predict blood pressure and whether these associations differ materially between populations. Methods: We examined cross-sectional data on 500 000 adults recruited from 10 diverse localities across China during 2004-08. Multiple linear regression was used to estimate the effects on systolic blood pressure (SBP) of general adiposity [e.g. body mass index (BMI), body fat percentage, height-adjusted weight] vs central adiposity [e.g. waist circumference (WC), hip circumference (HC), waist-hip ratio (WHR)], before and after adjustment for each other. The main analyses excluded those reported taking any antihypertensive medication, and were adjusted for age, region and education. Results: The overall mean [standard deviation (SD)] BMI was 23.6 (3.3) kg/m 2 and mean
Introduction
Controlled trials of weight loss interventions 1, 2 and
Mendelian randomization studies of blood pressure in relation to adiposity-related genetic variants 3, 4 have both established the causal association between adiposity and blood pressure. Typically in Western adult populations, a 10 kg/m 2 higher body mass index (BMI) is associated with $10 mmHg higher systolic blood pressure (SBP), throughout the range typically found in Western populations. 5 However, there is little reliable evidence about whether these associations differ materially by age, sex or other personal characteristics. Likewise, there is still limited evidence about the strength of these associations in China, overall or in different population subgroups. [6] [7] [8] [9] These questions are particularly relevant to China, where high blood pressure is a leading cause of morbidity and premature mortality, mainly through its effects on stroke, [10] [11] [12] [13] and where levels of adiposity are increasingrapidly. 14 Furthermore, there is conflicting evidence-both in China [6] [7] [8] [9] [15] [16] [17] [18] [19] and elsewhere 18, [20] [21] [22] [23] [24] [25] [26] [27] -about which measures of adiposity are most strongly associated with blood pressure and whether these effects are modified substantially by age, gender and ethnicity. 28 Some studies have reported that waist circumference (WC) and waist-hip ratio (WHR), both considered to be measures of central adiposity, are more strongly associated with blood pressure than BMI (considered a measure of general adiposity), 6, 16, 18, 20, 21, 23, 26 but others have reported no material differences between them, 8, 19, 28 inconsistent findings between men and women, 9, 22, 24 or stronger association for BMI than for measures of central adiposity. 7, 17, 25, 27 Most previous studies have included too few participants or were limited by analysing blood pressure in dichotomized form only (i.e. those with or without hypertension) with little information about use of blood pressure-lowering treatment. 16, 18, 20 Information on which, if any, measures of adiposity most strongly predict blood pressure may be clinically relevant, and might suggest whether general or central adiposity is a more fundamental determinant of blood pressure. For example, some suggested mechanisms by which adiposity could increase blood pressure probably depend chiefly on central adiposity (e.g. physical compression of the kidney, 29, 30 hyperinsulinaemia resulting from insulin resistance 29, 31 or systemic inflammation and oxidative stress leading to artery stiffness 31, 32 ), whereas other proposed mechanisms may depend chiefly on overall adiposity through dysfunction of adipose tissue (e.g. leptin and adiponectin secretion or activation of the rennin-angiotension-aldosterone system or sympathetic nervous system [29] [30] [31] ). We examine the associations of blood pressure with several different measures of adiposity among 500 000 adults in the China Kadoorie Biobank (CKB) study. 33, 34 In particular, we compared the strength of the associations of blood pressure with different measures of general and central adiposity, both independently and jointly, and whether these associations differed importantly in relevant Key Messages
• Among the relatively lean Chinese adults who were not taking any blood pressure-lowering drugs, greater adiposity, irrespective how it was measured, was associated with higher blood pressure.
• Measures of general adiposity (e.g. BMI, body fat percentage) provided better prediction of blood pressure than measures of central adiposity (e.g. WC, HC, WHR).
• In this Chinese population, a 10 kg/m 2 greater BMI was associated on average with 16 mmHg higher SBP, which was $50% stronger than observed in Western populations.
• Among a subset of individuals who were treated with antihypertensive therapies, the association of SBP with BMI was only $1/3 as strong as among those without any such treatments.
population subgroups (e.g. by age, gender and prior medication).
Methods

Study population
Details of the CKB design, procedures and ethics approval have been reported elsewhere. 33, 34 Briefly, 512 891 participants (210 222 men, 302 669 women) aged 30-79 were recruited into the study from 10 localities (5 urban and 5 rural) in China during 2004-08. Potential eligible participants were identified through official residential records for the 100-150 administrative units (either rural villages or urban residential committees) within each of the 10 study areas. Invitation letters and study information leaflets were delivered to the eligible individuals by local community leaders or healthworkers after extensive publicity campaigns, and about 1 in 3 (33% in rural areas, 27% in urban areas) responded. All participants provided written informed consent and underwent a 60-75-min assessment at the local study clinics that included physical measurements, collection of blood sample and a computerized questionnaire administered by trained interviewers. The study procedures were standardized across the 10 regions, with regular calibration of measurement devices to ensure consistency of measurements.
Adiposity measures
In this report six main adiposity variables, either directly measured or derived, were assessed, including height-adjusted weight, BMI, WC, hip circumference (HC), WHR and body fat percentage. All measurements were made once by trained technicians while participants were wearing light clothes (appropriate for the season) and no shoes. Standing height was measured to the nearest 0.1 cm using a stadiometer. Weight was measured to the nearest 0.1 kg using a body composition analyser (TANITA-TBF-300GS; Tanita Corporation), with subtraction of weight of clothing by 0.5 kg in summer, 1.0 kg in spring/autumn and 2.0-2.5 kg in winter. BMI was calculated as the weight in kilograms divided by the square of the height in metres (kg/m 2 ). WC and HC were measured to the nearest 0.1 cm using a soft nonstretchable tape. WC was measured midway between the lowest rib and the iliac crest or, when this was not practicable, 1 cm above the umbilicus (in both cases, usually against bare skin, but subtracting 1 cm if on top of undergarments). HC was measured at the maximum circumference around the buttocks (usually over underpants, but subtracting 1 cm if over a skirt, or 2.5 cm if over trousers). WHR was the ratio of WC to HC. Body fat percentage was the fraction of total weight that was estimated to be fat weight by the Tanita body composition analyser using proprietary algorithms. In addition, other derived measures of adiposity were also considered separately, including fat mass (the product of body fat percentage and body weight), fat mass index (fat mass in kilograms divided by the square of height in metres, kg/m 2 ), and waistheight ratio (WC divided by height).
Blood pressure
Blood pressure was measured twice on the unclothed right upper arm using an automated A&D UA-779 digital monitor, recommended by the British Hypertension Society (www.bhsoc.org/bp-monitors), after participants had rested in the seated position for at least 5 min. Standard cuff size was used and if the difference between the two measurements was >10 mmHg, then a third measurement was taken withthe last two readings recorded. The mean values of the two recorded measurements were used for the analyses. The chief analyses reported are for SBP, as SBP is a better predictor of vascular mortality than diastolic blood pressure (DBP). 35 Additional analyses for DBP for each measure of adiposity are reported in the supplementary material (available as Supplementary data at IJE online). Figure 7 . After all these exclusions, 486 936 (95%) participants remained for the main analyses. Sex-specific correlations between different adiposity variables were calculated using Pearson partial correlation coefficients (r), adjusted for baseline age (8 categories) and area (10 categories).
Statistical methods
For 'categorical' analyses ( Figures 1-3, 7a ), adjusted means of baseline SBP were calculated for each baseline sex-specific decile of each adiposity measure using multiple linear regression, with adjustment variously for baseline age (8 categories), education (6 categories), area (10 categories), WC (as a continuous variable) or BMI (continuous). For height-adjusted weight, standing height was also included in the model, in addition to weight categorized in deciles, as a continuous variable. Adjusted mean SBP for each decile was then plotted against the mean levels of the adiposity measure for that decile, together with the 95% confidence interval (CI). As all the resulting categorical associations were linear, a straight line was plotted through the categorical estimates using an inverse varianceweighted least squares fit method, and the slopes were reported as insets to each graph. To ensure that the slopes of these graphs are visually informative when comparing different adiposity measures, each horizontal axis is the same physical width and extends from À2 SD below to þ2 SD above the mean level of the adiposity measure. As both the means and the SDs are sex-specific, and are never exactly the same in both sexes, the horizontal axes for men and womencover different ranges.
For continuous analyses (Figures 4-6, 7b), SBP was regressed on levels of each adiposity measure as a continuous variable using multiple linear regression, with adjustment for covariates as above and also, when appropriate, for HC (20 categories). Associations with 'height-adjusted weight' and with 'height-adjusted fat mass' were estimated by specifying body mass (weight) or fat mass as the (continuous) exposure variable, and adjusting for height (20 quantiles). Effect modification of continuous associations with BMI ( Figure 6 ) was assessed by performing separate regressions within each level of the possible effect modifier. All analyses were carried out using SAS version 9.2, and R version 2.10.1 was used to graph results.
Results
Among the included participants, the overall mean (SD) age was 51 (11) ). Among men, mean BMI was highest at 40-49 years, whereas among women it was highest at 50-59 years (Table 1 ). Body fat percentage showed similar patterns with age, and the mean levels were also greater in women (32.0%) than in men (21.9%) and likewise the absolute fat mass was also greater in women than in men (7.8 vs 5.3 kg), despite women weighing on average about 7.5 kg less. In contrast, mean (SD) WC was greater in men than in women [81.8 (9.7) cm vs 78.8 (9.4) cm], but it decreased somewhat with age in men and increased strongly with age in women, such that mean WC in old age was approximately similar between men and women (Table 1) . Mean (SD) HC was 90.5 (6.7) cm in men and 91.0 (6.8) in women, and showed no consistent trend with age in either sex. Mean (SD) WHR was about 0.90 (0.06) at all age groups in men, but increased steadily from 0.84 (0.06) in the youngest to about 0.89 (0.08) in the oldest women.
In both sexes, mean SBP levels increased monotonically with age-by 16 mmHg over four decades from 30-39 years to 70-79 years in men, and by 26 mmHg in women. Mean DBP had an inverted U-shape association with age, with the levels increasing until age 55 years and declining thereafter. The overall mean SBP/DBP levels were about Height-adjusted weight and body mass index Figure 1 shows the sex-specific associations of SBP with height-adjusted weight, and BMI. After basic adjustment (solid lines), each extra 10 kg of body weight at each given height was associated with $6 mmHg higher SBP, and each 10 kg/m 2 higher BMI was associated with 17 mmHg higher SBP in men and 14-15 mmHg higher SBP in women. After additional adjustment (dashed lines) for WC, the strengths of these associations were attenuated by 13-14% in men and by 8% in women. Waist and hip circumference Figure 2 shows the sex-specific associations of SBP with WC and HC. With basic adjustment, each 10 cm wider circumference for either variable was typically associated with about 5-7 mmHg higher SBP. However, after further adjustment for BMI, all of these associations were largely or entirely eliminated. Upon taking account of BMI, the associations of blood pressure with WC were attenuated by 80-90% in both sexes, and for HC the remaining associations in women became slightly negative-i.e. greater HC was associated with slightly lower SBP. Figure 3 shows the corresponding SBP associations for WHR and body fat percentage. With basic adjustment, a 0.1 cm higher WHR was associated with about 5-6 mmHg higher SBP, but with additional adjustment for BMI, the association was 80-85% shallower in both sexes. However, for body fat percentage, each extra 10 percentage points was associated with $9 mmHg higher SBP in males and $7 mmHg higher SBP in women after basic adjustment; and after additional adjustment for WC, the association with this measure of general adiposity was just 15% (female) or 25% (male) shallower.
Waist-hip ratio and body fat percentage
General and independent strengths of association
Figures 4 and 5 show the associations of SBP with different measures of adiposity expressed as the difference in SBP per 1 sex-specific SD higher level of adiposity. In both sexes, the single strongest predictor after basic adjustment was height-adjusted weight, with each 1 SD greater weight at any given height associated with 6.7 mmHg higher SBP in men, and 5.7 mmHg higher SBP in women. After additional adjustment for WC and HC, the positive association became slightly weaker in men and slightly stronger in women, such that in both sexes 1 SD greater weight-forheight was associated with about 6 mmHg higher SBP. In both sexes, the next strongest associations after basic adjustment were for other measures of general adiposity: BMI, body fat percentage, fat mass, fat mass index and height-adjusted fat mass (all in the range of 5.5-6.0 mmHg per SD in men and 4.9-5.2 per SD in women), and the associations were only slightly attenuated by additional adjustment for WC and HC. After just basic adjustment, the associations for some measures of central or pelvic adiposity were nearly as strong as those for measures of general adiposity: WC, waist-height ratio and HC (4.8-5.0 mmHg per SD in men and 4.1-4.4 mmHg per SD in women). The association was substantially weaker for WHR (3.7 mmHg per SD in men, 3.2 mmHg per SD in women). However, all of these associations with WC, waist-height ratio, HC and WHR were again largely or wholly obliterated by additional adjustment for BMI.
Effect modification for BMI
Height-adjusted weight was the strongest predictor of SBP, but this variable is not easy to apply in clinical practice. Of the next strongest predictors, BMI and body fat percentage may be clinically the most applicable, but BMI is the simpler of the two and does not require any technically advanced equipment. So, Figure 6 shows the strength of the association with BMI per 10 kg/m 2 in more detail.
There was only modest variation in the strength of the association across various population subgroups (about a fifth stronger in men than women and at age 40-59 than at age <40 years, and about a third stronger in some geographical areas than in others).
Association in participants receiving blood pressure-lowering treatment Figure 7 shows the association of SBP with BMI for both sexes combined among the 24 607 participants who were receiving some form of blood pressure-lowering treatment at baseline. Among them SBP was still linearly and positively associated with BMI, but the association was about two-thirds shallower: just 5 mmHg (Figure 7a , solid line) rather than 16 mmHg, overall higher SBP per 10 kg/m 2 higher BMI (Figure 7a, dashed line) . Figure 7b suggests that the strength of association may not have differed greatly by class of blood pressure-lowering medication, but there was only limited statistical power to detect any differences.
Additional analyses
The associations of SBP with BMI and body fat percentage were somewhat, but not entirely, independent of each other, with adjustment of each association for the other factor generally attenuating the associations by 40-60% (Supplementary Figure 1 , available as Supplementary data at IJE online). Mean adult SBP is substantially higher in China during winter than summer, 36 but adjustment of the main SBP results for month of survey made no material difference (data not shown). Additional adjustment for pulse rate also did not alter the results. All of the main findings for SBP were also broadly applicable for DBP ( Supplementary Figures 2-7 , available as Supplementary data at IJE online).
Discussion
In this cross-sectional study of nearly 500 000 Chinese adults, height-adjusted weight was the strongest predictor of blood pressure in both men and women, irrespective of whether the analyses were adjusted for other measures of adiposity. Among the widely used clinical measures of adiposity, BMI and body fat percentage were the next strongest predictors, and both were largely independent of each other. On average, a 10 kg/m 2 greater BMI was associated with 16 mmHg higher SBP, much stronger than that observed previously in Western populations. WC and HC were each strongly positively associated with SBP, unless adjustment was made for BMI, when the association largely or entirely disappeared.WHR was a relatively poor predictor of SBP in this adult Chinese population. Our study findings are consistent with those previously reported by several much smaller studies in China and elsewhere, 7, 17, 25, 27 but differ from those in several other studies 6, 16, 18, 20, 21, 23, 26 which reported that measures of central adiposity (e.g. WC, WHR, waist-height ratio) were stronger predictors of blood pressure than BMI. The reasons for these inconsistencies are uncertain, but this study is much larger than any previous studies and uses measured blood pressure rather than history of hypertension. Moreover, the main analyses also excluded participants on blood pressure-lowering treatment.
The strength of associations of SBP with BMI were 50% stronger in this Chinese population compared with those previously reported in similarly large studies of mainly Western populations. 5 These differences are too great to be accounted for by chance or by small differences in levels of adjustment for confounding. It is possible that relatively weak associations observed in the Western populations may be due chiefly to more widespread use of antihypertensive treatment, even though such information was not generally available in previous studies. 5 In the present study, only about 14% of participants with hypertension were treated with any blood pressure-lowering therapies, and among them the association of SBP with BMI was about two-thirds shallower than among those without any such treatments. Since very few people were obese in our study population, it is unlikely that use of standard cuff size for measuring blood pressure would produce any biased association. However, it may also be possible that the strength of this relationship is not biologically universal but may differ geographically or with time because, for example, of interactions with other environmental (e.g. dietary patterns) or genetic determinants of adiposity, blood pressure or the relationship between adiposity and blood pressure. The present study indicates that central adiposity is a less important determinant of blood pressure than is general adiposity, at least among Chinese adults-and, indeed, their associations with blood pressure may be largely or entirely because they are so highly correlated with measures of general adiposity. Weight-for-height was the best single predictor, but this variable is not easy to apply in clinical practice without a return to weight-for-height tables sometimes used in the past. 37 BMI and body fat percentage were almost as good, and each added some independent predictive information to the other. These results suggest that adipose tissue in general may contribute to higher blood pressure, rather than just adipose tissue around the abdomen or, more particularly, in the intra-abdominal space. This may argue against the overall importance of proposed mechanisms that adiposity increases blood pressure mainly through physical compression of the kidney or systemic inflammation and oxidative stress, which depend importantly on the amount of intra-abdominal fat. 29, 30 Instead, other proposed mechanisms that are largely independent of intra-abdominal fat (such as dysfunction of adipose tissue, and activation of sympathetic nervous system) may play more important roles in causing high blood pressure. [29] [30] [31] More accurate measures of intra-abdominal and subcutaneous fat (e.g. by imaging) in Chinese adults may further test this hypothesis. Treatment with any of the major classes of blood pressure-lowering medication appears to significantly attenuate these relationships. It can be inferred that, for any decrease in BMI, the associated lowering of blood pressure is less pronounced for those already receiving blood pressure-lowering medication. Although general rather than central adiposity was clearly a better predictor of blood pressure in this adult Chinese population, there is well-established evidence, both in China [38] [39] [40] and elsewhere, 41, 42 
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